The low-density lipoprotein receptor (LDLR) captures circulating lipoproteins and delivers them in the endosome for degradation. Its function is essential for cholesterol homeostasis, and mutations in the LDLR are the major cause of familiar hypercholesterolemia. The release of LDL is usually attributed to endosome acidification. As the pH drops, the affinity of the LDLR/LDL complex is reduced, whereas the strength of a self-complex formed between two domains of the receptor (i.e. the LDL binding domain and the b-propeller domain) increases. However, an alternative model states that, as a consequence of a drop in both pH and Ca 2+ concentration, the LDLR binding domain is destabilized in the endosome, which weakens the LDLR/LDL complex, thus liberating the LDL particles. In the present study, we test a key underlying assumption of the second model, namely that the lipoprotein binding repeats of the receptor (specifically repeats 4 and 5, LR4 and LR5) rapidly sense endosomal changes in Ca 2+ concentration. Our kinetic and thermodynamic analysis of Ca 2+ and Mg 2+ binding to LR4 and LR5, as well as to the tandem of the two (LR4-5), shows that both repeats spontaneously release Ca 2+ in a time scale much shorter than endosomal delivery of LDL, thus acting as Ca 2+ sensors that become unfolded under endosomal conditions. Our analysis additionally explains the lower Ca 2+ affinity of repeat LR4, compared to LR5, as arising from a very slow Ca 2+ binding reaction in the former, most likely related to the lower conformational stability of apolipoprotein LR4, compared to apolipoprotein LR5, as determined from thermal unfolding experiments and molecular dynamics simulations. FEBS J. Mart ınez-Oliv an et al. Ca 2+ and Mg 2+ binding and dissociation from LDLR 2640 FEBS Journal 281 (2014) 2638-2658 ª 2014 FEBS Ca 2+ and Mg 2+ binding and dissociation from LDLR J. Mart ınez-Oliv an et al.
Introduction
The concentration of circulating low-density lipoproteins (LDL) and very-low-density lipoproteins (b-VLDL) is regulated by the LDLR [1] . Misfunction of the LDLR, as a result of genetic mutations, is the main cause of familiar hypercholesterolemia, a condition suffered in heterozygosis by one in every 500 individuals, and manifested in early cardiovascular disease [2] . The LDLR is a member of a family of cell surface receptors involved in signal transduction and endocytosis of specific ligands [3] . These receptors are modular proteins built by combining a few characteristic protein folding domains. The LDLR is anchored to the cell membrane so that most of its constituent domains are extracellular. One of them, the ligandbinding domain, consists of seven repeats (LR1 to LR7). Each repeat comprises approximately 40 residues, and contains three disulfide bonds and one calcium ion [4] . Repeats LR4 and LR5 are considered to be the more important ones for binding circulating lipoproteins [5] through interaction with specific apolipoprotein (apo) sequences [6] . After the LDLR has captured one circulating LDL particle, the complex is internalized in coated-pit vesicles evolving into endosomes. In the endosome, the LDL is released for degradation and the LDLR is recycled to the cell surface.
The release of LDLs is considered to be related to changes in ionic concentrations in the endosome. Although the initial mechanistic focus was placed on the known pH drop caused by endosome acidification [7] , it has become evident that several other ions are being actively exchanged between endosome and cytosol as a consequence of the activity of several ion channels operating in endosomal maturation [8] . One obviously relevant such ion is Ca 2+ , whose endosomal concentration rapidly decreases from an extracellular concentration of 2 mM to low micromolar levels. In this respect, it has been reported that the Ca 2+ concentration in early endosomes of Swiss 3T3 fibroblasts drops to 4 lM in 10 min [9] . Similarly, the Ca 2+ concentration in pancreatic acinar cell endosomes has been reported at 37 lM and fast release of Ca 2+ after a sudden raise in concentration has been observed [10] . The fact that the LR4 and LR5 lipoprotein binding repeats each contains one Ca 2+ ion makes possible that the conformational stability of the repeats is drastically changed by the drop in Ca 2+ concentration. Indeed, Ca 2+ binding is well known to strongly influence the structure and function of many proteins [11] . Based on the analysis of the conformational stability of the LR5 repeat under endosomal and extracellular pH and Ca 2+ concentration, we showed [12] that, under endosomal conditions, LR5 is unfolded and lacking Ca 2+ . Consequently, we proposed that the reduced stability of LR5 in the endosome, and possibly that of additional repeats, could severely diminish the affinity of the LDLR/LDL complex, leading to LDL release. The low Ca 2+ affinity reported for the other key repeat, LR4 [13] , indicates that LR4 is also likely involved in the mechanism. On the other hand, it has been reported that a low Ca 2+ concentration suffices to promote LDL release in the absence of a pH drop and without participation of the b-propeller domain of the receptor [14] , which is also supportive of an important role of Ca 2+ in LDL delivery. In addition, the interaction of LR5 with apolipoprotein binding sites has been recently reported to be weakened at low Ca 2+ concentration [6] .
One underlying assumption of this Ca 2+ -driven mechanism of LDL release is that the repeats involved in LDL binding should rapidly sense changes in Ca 2+ concentration in the endosome. This assumption requires that the dissociation microscopic rates of the repeat_Ca 2+ complexes display high values because it is characteristic of Ca 2+ sensor proteins such as calbindin [15] , calmodulin [16] , troponin C [17] or the Na + / Ca 2+ exchanger protein (NCX1) [18] . To investigate this possibility, we have performed a full kinetic analysis of the binding and dissociation of Ca 2+ and Mg 2+ , which is also present in the endosome, to and from repeats LR4, LR5, as well as the tandem repeat LR4-5. Our analyses indicate that the two repeats become severely destabilized under endosomal conditions and relate the low Ca 2+ affinity of repeat LR4 to its slow binding kinetics. Importantly, both key repeats dissociate Ca 2+ with rate constants that are sufficiently high to be in rapid equilibrium with the changing concentration of Ca 2+ in the endosome. The implications for the mechanism of LDL release are discussed.
Results
Spectroscopic differences between the apo, Ca 2+bound and Mg 2+ -bound forms of LR4, LR5 and LR4-5
No significant absorbance differences have been noted between apoLR, LR_Ca 2+ and LR_Mg 2+ for either LR4, LR5 or LR4-5. All of them present similar spectra with an absorbance maximum of around 280 nm, regardless of the presence of bound Ca 2+ or Mg 2+ (not shown).
The near-UV fluorescence emission spectra of apoLR4, apoLR5 and apoLR4-5 display maxima around 355 nm at pH 5.5 (Fig. 1A ). The addition of 2 mM CaCl 2 largely increases the emission intensity in the three proteins, at both acidic and neutral pH, without causing noticeable changes in the location of the maxima. The addition of 2 mM MgCl 2 also increases the fluorescence emission in LR5 and LR4-5, although not as much as the addition of CaCl 2 . By contrast, the fluorescence emission of apoLR4 is not modified by the addition of MgCl 2 .
The far-UV CD emission spectra of LR5_Ca 2+ and LR4_Ca 2+ exhibit no major differences in shape, showing maxima around 228 nm and minima around 205 nm (Fig. 1B) . On the other hand, the spectrum of LR4-5 is close to the addition of those of LR4 and LR5 but with a higher random-coil content, as expected from the presence of the 10-residue linker. In LR5, the removal of Ca 2+ or its substitution by Mg 2+ only gives rise to small changes in peaks intensities. By contrast, the removal of Ca 2+ from LR4 causes a marked intensity decrease in the 208 peak, together with the disappearance of the 228 nm one. The addition of Mg 2+ to apoLR4 does not recover the signal lost upon Ca 2+ removal. No significant differences are observed between pH 7.0 and pH 5.5 in the different far-UV CD LR spectra (not shown).
The LR5_Ca 2+ near-UV CD emission spectrum (Fig. 1C ) is dominated by a minimum around 260 nm, which becomes less pronounced when Ca 2+ is replaced by Mg 2+ or removed. The LR4_Ca 2+ spectrum presents a maximum at 280 nm and a minimum at 250 nm. In LR4, removal of Ca 2+ retains the 280 nm maximum, although the minimum at 250 nm disappears, which appears to be associated to the aforementioned disappearance of the maximum of 228 in the far-UV region. As observed for the fluorescence spectra, addition of Mg 2+ to apoLR4 does not recover the CD signal lost upon Ca 2+ removal.
Interaction of apoLR5 with Ca 2+ and with Mg 2+
The association and dissociation rate constants of the complexes formed by apoLR5 with Ca 2+ and Mg 2+ have been determined by stopped-flow kinetics with fluorescence detection, at both pH 7.0 and 5.5. Representative traces of association and dissociation kinetics of apoLR4, apoLR5 and apoLR4-5 to either Ca 2+ or Mg 2+ are shown in Fig. 2 . Control kinetics performed by mixing protein solution (either an apo-repeat or a Ca 2+ -bound repeat) with buffer show that the binding and dissociation kinetic traces recorded start at the fluorescence level corresponding to the initial protein solution. Therefore, no fast binding or dissociation steps (burst phases) are lost in the dead time of the instrument. The dissociation kinetics are independent of the EDTA concentration used (e.g. k off of 1.20 AE 0.01, 1.13 AE 0.02, 1.15 AE 0.01, 1.14 AE 0.02 and 1.12 AE 0.02 s À1 were determined for the LR5_Ca 2+ complex at pH 7.0 in the presence of 0.1, 0.2, 0.5, 1.0 and 5.0 mM EDTA, respectively). The k on and k off values calculated from global fitting of the data (see Experimental procedures) are summarized in Table 1 . Ca 2+ binding to apoLR5 is a similarly fast process (Table 1) at both pH 7.0 and pH 5.5 (k on = 1.95 and 1.79 lM-1Ás À1 , respectively). By contrast, Mg 2+ association is much slower at either pH (0.0082 and 0.0047 lM À1 Ás À1 , respectively). Interestingly, the dissociation of either cation from LR5 takes place at very similar speeds, with the k off values being three-fold faster at pH 5.5 (3.70 and 3.44 s À1 for Ca 2+ and Mg 2+ ) than at pH 7.0 (1.15 and 1.20 s À1 ). A similar pattern has been observed for the binding of these two cations to the enzyme NADPH oxidase 5 where a much more stable Ca 2+ complex is formed despite the similar k off for the two cations [19] .
The equilibrium dissociation constants of the LR5_Ca 2+ and LR5_Mg 2+ complexes have been determined at pH 7.0 and 5.5 using three different techniques: fluorescence titration ( Fig. 3 ), isothermal titration calorimetry (ITC) ( Fig. 4 ) and stopped-flow kinetics (Fig. 2) , assuming two-state binding and dissociation processes (i.e. K d = k off /k on ). The data are summarized in Table 2 . The agreement between the K d values obtained for a given complex (LR5_Ca 2+ or LR5_Mg 2+ ) at a given pH (either 7 or 5.5) is good, which is a strong indication that the assumption of a 0,0 0,1 0,2 0,3 0,4 0 two-state binding/dissociation mechanism (see Expreimental procedures) is correct. LR5 binds Ca 2+ with higher affinity at pH 7.0 (K d = 0.6, 0.3 or 0.3 lM by kinetic analysis, ITC or fluorescence titration, respectively) than at pH 5.5 (K d = 2.1, 1.4 or 2.0 lM, respectively). The affinity of LR5 for Mg 2+ is much lower (Figs 3 and 4 and Table 2 ). At pH 7.0, the K d values determined are 146, 113 or 114 lM, respectively, 
a Calculated from k off values, as well as K d values in Table 2 . [Ca ++ ] Fig. 3 . Ca 2+ equilibrium titrations of LR4, LR5 and LR4-5 and Mg 2+ equilibrium titrations of LR5 and LR4-5 followed by fluorescence. Titrations of 5 lM apoLR5 or apoLR4 and of 3 lM apoLR4-5 with calcium were carried out at 25°C in either 10 mM Pipes, 150 mM NaCl, pH 7.0, or 10 mM acetic acid/sodium acetate, 150 mM NaCl, pH 5.5 buffer. The binding of calcium to the polypeptides was followed by fluorescence emission at 355 nm (excitation at 280 nm). Fittings to a one-site model for calcium binding to apoLR4 and apoLR5, or to a two-independent-sites binding model for calcium binding to apoLR4-5, are show as continuous lines. Titrations of 5 lM apoLR5 or 3 lM apoLR4-5 with magnesium were carried out at 25°C in either 10 mM Pipes, 150 mM NaCl, pH 7.0, or 10 mM acetic acid/sodium acetate, 150 mM NaCl, pH 5.5 buffer. The binding of magnesium to the polypeptides was followed by fluorescence emission at 355 nm (excitation at 280 nm). Fittings to a one-site binding model are shown as continuous lines. and the affinity is even lower at pH 5.5: K d = 732 or 554 (by kinetic analysis of fluorescence titration). The averages of the different K d calculated for the binding of LR5 to cations are given in Table 2 . According to those averages, going from pH 7.0 to pH 5.5 similarly lowers the affinity of the Ca 2+ and Mg 2+ complexes by 0.9 and 1.0 kcalÁmol À1 , respectively. At either pH, the affinity of LR5 for Ca 2+ is approximately 3.5 kcalÁmol À1 higher than that for Mg 2+ .
Interaction of apoLR4 with Ca 2+ but not with Mg 2+
The association of Ca 2+ to apoLR4 at either pH 7.0 (k on = 0.034 lM À1 Ás À1 ) or 5.5 (k on = 0.036 lM À1 Ás À1 ) is a much slower process than its association with apoLR5. On the other hand, the dissociation of bound Ca 2+ from LR4 is faster at either pH (k off = 7.52 s À1 and 10.4 s À1 at pH 7.0 and 5.5, respectively) than its dissociation from LR5 (Table 1) . Electrostatic interactions have been noted to influence and sometimes to even speed the formation of molecular complexes between proteins or between proteins and smaller ligands, such as ions, so that the corresponding complexes form faster than expected from a simple diffusion controlled process [20, 21] . As judged from the values of the association rate constants of Ca 2+ to either LR4 or LR5, and from their observed insensitivity to pH in the range 7.0-5.5, it appears that electrostatic attraction between Ca 2+ ions and charged residues in LR4 or LR5 does not play any significant role in setting the energy barrier of the transition state of binding. The same can be said of the energy barrier for Ca 2+ dissociation from LR4 but not of that for dissociation from LR5, which appears to be 0.7 kcalÁmol À1 higher at pH 7.0 than at pH 5.5 (from data in Table 1 ).
As shown above for the LR5_Ca 2+ complex, the equilibrium dissociation constant of the LR4_Ca 2+ complex has also been determined by fluorescence titration (Fig. 3 ), ITC and stopped-flow kinetics assuming two-state binding and dissociation processes ( Table 2 ). For the LR4_Ca 2+ complex, the agreement between the several K d values obtained at a given pH (either 7 or 5.5) is also good, confirming that the binding/dissociation is two-state. The observed slower binding and faster dissociation of Ca 2+ from LR4, compared to equivalent processes in LR5, greatly lowers the affinity of the LR4_Ca 2+ complex compared to that of the LR5_Ca 2+ one. At pH 7.0, the average K d determined for the LR4_Ca 2+ complex is 188 lM, close to the previously reported value of 173 [13] . This complex is weakened at pH 5.5 (K d = 384 lM).
The binding of Mg 2+ to apoLR4 has also been investigated. No fluorescence intensity modification was observed either in equilibrium fluorescence titrations or in stopped-flow binding kinetics upon mixing apoLR4 with concentrated Mg 2+ solutions up to an 8 mM final Mg 2+ concentration. Similarly, ITC titrations failed to detect any binding of Mg 2+ to apoLR4 at either pH tested. All the experiments performed indicate that there is no significant binding between apoLR4 and Mg 2+ at physiological and even higher Mg 2+ concentrations up to 8 mM (not shown).
Interaction of apoLR4-5 with two Ca 2+ ions but only one Mg 2+
The binding of Ca 2+ and Mg 2+ to LR4-5, the tandem peptide encompassing the sequences of both the LR4 [13] 173 AE 20 a 546 [13] 763 AE ND a -a pH 7.4. b pH 5.2.
and LR5 repeats, has been studied using the same approach followed for the LR4 and LR5 complexes. Ca 2+ binding kinetics to apoLR4-5 at pH 5.5 (Fig. 2) can be fitted to a double exponential equation (Eqn 13) but not to a single exponential (not shown). Although double exponential binding kinetics may arise from a variety of mechanisms, it appears that the simplest one explains the data. The k on values calculated by treating each exponential as independently reporting for Ca 2+ binding to either the LR4 or LR5 Ca 2+ binding sites in LR4-5 agree quite well with those directly measured for the individual, separated repeats ( Table 1) . Accordingly, the K d values determined for the LR4 and LR5 sites in LR4-5 are very similar (LR4 site) or only slightly higher (LR5 site) than those determined for the individual repeats ( Table 2) . On the other hand, Mg 2+ binding kinetics to apoLR4-5 at pH 5.5 (not shown) are monoexponential and give rise to values (Table 1 ) almost identical to those determined for the LR5_Mg 2+ complex, which indicates that Mg 2+ binds to LR4 neither when isolated, nor when covalently linked to LR5 in the tandem LR4-5 peptide. It is thus very likely that Mg 2+ does not bind to LR4 either when this repeat is part of the complete extracellular LDLR domain.
At pH 7.0, the k off values obtained for the LR4-5_Ca 2+ 2 complex are very similar to those individually measured for the isolated LR4 and LR5 repeats. Also, the k on values calculated from the k off and K d data, assuming a two-state binding equilibrium, are very similar to those directly measured for the isolated repeats (Table 1) . Finally, the k off values obtained for the LR4-5_Mg 2+ complex were indistinguishable from those of the LR5_Mg 2+ one.
Thermostability of apoLR4 and of LR4_Ca 2+
The thermal unfolding curves of LR4_Ca 2+ at either pH 7.0 or pH 5.5 are shown in Fig. 5A fitted to a twostate equation [17] . As a result of the low enthalpy of unfolding (see below), the thermal transition is broad in temperature. For the fitting, the value of the signal of the denatured state (F D in Eqn 17) has been constrained to be positive, and not higher than the value observed at the higher temperature recorded, to reflect the fact that fluorescence emission decreases with temperature. The quality of the fits is similarly good for values of F D from zero to the actual value recorded at the higher temperature. At pH 7.0, the temperature of mid denaturation (T m ) obtained varies from 39.5°C (assuming F D = 0) to 40.9°C (assuming F D = 32, i.e. the value observed at 97°C). For further discussion, we assume a T m of 40.2°C, which is the mean of the two.
Compared to the unfolding curve at pH 7.0, that at pH 5.5 is clearly shifted towards lower temperatures and, accordingly, the fitted temperature of mid denaturation obtained varies from 34.4 to 35.2°C, with the intermediate value being 34.8°C. This difference of 5.4°C between the T m at pH 7.0 and at pH 5.5 is well above the uncertainty of the fit and indicates that LR4_Ca 2+ is less stable in endosomal pH than in extracellular pH. The fitting also provides the enthalpy changes of denaturation of the LR_Ca 2+ complex at pH 7.0 and 5.5, which are similar: 11.0-11.7 and 12.7-13.4 kcalÁmol À1 respectively, indicating the overall structure of the repeat changes little in this pH interval.
The unfolding curves of apoLR4 and of apoLR4 in the presence of 2 mM MgCl 2 are very similar ( Fig. 5A ), reflecting the fact that apoLR4 does not significantly bind Mg 2+ neither at pH 7.0, nor at pH 5.5, as already indicated by the kinetic and thermodynamic binding studies summarized in Tables 1 and 2 . Clearly, apoLR4 is less stable than its complex with Ca 2+ . This is noted in the unfolding curves, which show the partial denaturation of apoLR4 even at the lower temperatures. Indeed, the unfolding curves lack an inflection point (the point of the curve corresponding to the T m ), which indicates that, even at the lowest temperature recorded (9°C), < 50% of the apoLR4 molecules remain folded. Curves such as these cannot be fitted in the usual manner because a reasonable value for the fluorescence signal of the native state (F N in Eqn 17) cannot be obtained from the fitting. Instead, a realistic estimation of F N has to be directly introduced into Eqn (17). We have derived such a realistic estimation combining three facts. First, for LR4_Ca 2+ (Fig. 5A ) and for both apoLR5 and LR5_Ca 2+ [12] , the quantum yield of the native conformation is known to be higher than that of the denatured state. Second, in the unfolded curve recorded for apoLR4 ( Fig. 5A ), the lower temperature fluorescence emission corresponds to a solution where the number of unfolded molecules exceeds that of folded ones. Third, it is known that the temperature dependence of emission fluorescence of tryptophan residues decreases as the temperature increases [22] . These three facts combined indicate that the value of F N cannot be lower than twice the increase of fluorescence emission observed in the curve plus the value recorded at the high temperature, which sets a lower limit for F N at around 465 for both pH 7.0 and 5.5. With this F N value, the T m values obtained from the fits are 11°C for both pH 7.0 and 5.5, and the enthalpy changes are 6.5 kcalÁmol À1 for either pH. It should be noted that, if F N were greater than the estimated lower limit of 465 used for the fitting, the T m values obtained would be even lower than 11°C. Clearly, apoLR4 is very unstable and, at the body temperature, it will be essentially unfolded at both pH 7.0 and 5.5.
Molecular dynamics (MD) simulation of apoLR4 and apoLR5
The influence of the structural Ca 2+ ion on the tridimensional structure of repeats LR4 and LR5 has been investigated by performing a MD simulation of the LR4-5 tandem. Starting with the NMR structure of Protein Data Bank (PDB) code: 2LGP, the two Ca 2+ ions in the tandem have been removed, the apoLR4-5 equilibrated inside a cubic water box and the temperature equilibrated to 37°C, as explained in the Experimental procedures, before the 100-ns production phase begins. The overall rmsd of the two repeats is shown in Fig. 6A as a function of time. Although the rmsd of LR5 remains almost constant along the simulation, that of LR4 markedly increases. Although the time span of the simulation does not guarantee that the final struc-tures corresponds to those of apoLR5 and apoLR4, it readily suggests that apoLR4 more rapidly departs from the structure of its Ca 2+ complex (LR4) than apoLR5 from that of LR5, which is consistent with both the CD spectra of the two repeats with and without Ca 2+ (Fig. 1B) and with the lower thermostability of apoLR4 compared to apoLR5.
In addition, to compare the global stability of the tridimensional structures of the two repeats, we have analyzed the local stability of the Ca 2+ coordination cage. The temporal evolution of the / and φ angles of each of the six coordinating residues in LR5 upon Ca 2+ removal is shown in Fig. 6C . None of the 12 dihedral angles of the six residues departs from the initial value exhibited in the initial structure. By contrast, five out of the six coordinating residues in LR4 show clear drifts or jumps in at least one of its dihedral angles, which demonstrate the instability of the Ca 2+ coordinating cage in apoLR4, as can be seen in Fig. 6B . . Thermal denaturation of LR4 and temperature-calcium concentration phase diagrams for LRs. (A) Thermal denaturation of LR4_Ca 2+ at pH 7.0 (circles) or pH 5.5 (triangles) and of apoLR4 at pH 7.0 (squares). The thermal unfolding curves of apoLR4 at pH 5.5 and those of LR4_Mg 2+ at either pH 7.0 or 5.5 are visually indistinguishable from that of apoLR4 at pH 7.0 (squares) and have been omitted for clarity. The pH 7.0 buffer was 10 mM Pipes, 150 mM NaCl, and the pH 5.5 buffer was 10 mM acetic acid/sodium acetate, 150 mM NaCl, pH 5.5. Fittings of the thermal unfolding curves to a two-state equilibrium denaturation model are shown as black lines. Phase diagrams for LR4 (B) and LR5 (C) at pH 7.0 (continuous lines) and pH 5.5 (dotted lines) are shown. The lines represent the location of the points at which any given species (N, native; NL, liganded native; U, unfolded) populates 50% of the total LR conformational space, and delimitate the regions where a given species populates more than 50% of the total LR conformational space. The line for 50% liganded native LR indicates the temperature dependence of the apparent association constant K LR /(1 + K), where K LR is the association constant and K is the unfolding equilibrium constant) and the line for 50% unfolded apoLR indicates the dependence of T m on the calcium concentration. The diagrams were created using the thermodynamic information obtained from the unfolding equilibrium and calcium binding equilibrium experiments. Different physiologically relevant scenarios are indicated in both diagrams: extracellular conditions (37°C and high calcium concentration, grey circles) and endosomal conditions (37°C and low calcium concentration, black circles).
Discussion
The large conformational rearrangement in apoLR4 needed for Ca 2+ binding leads to a weak LR4_Ca 2+ complex, compared to LR5
The importance of Ca 2+ for LDLR function has been known for a long time [23, 24] . Chelation of Ca 2+ by extracellular addition of EDTA abolishes LDL binding by LDLR [25] . Calcium ions appear bound to the seven cysteine rich repeats that are present in the N-terminal extracellular domain responsible for LDL and b-VLDL uptake and release in the endosome. The fourth and fifth repeats, LR4 and LR5, have been shown to be essential for the binding of lipoproteins [5, 26] . Although LR5 has been subjected to detailed structural and thermodynamic studies, less is known about LR4. Recently, the solution structure of the LR4-5 tandem has been determined and, based on ITC studies, a low affinity of apoLR4 for Ca 2+ has been reported [13] .
The spectroscopic characterization of LR4 and LR5 illustrated in Fig. 1 indicates that both repeats experience significant fluorescence changes upon binding Ca 2+ ions. The fluorescence changes in LR5 must be attributed to modification of the environment of the single tryptophan residue (Trp193), whereas those observed in LR4, very similar to those in LR5, likely reflect that the ion binds close to the equivalent tryptophan in LR4 Trp144). Although tryptophan fluorescence emission can be considered to probe the local environment of those tryptophan residues, far UV-CD reports on global changes in secondary structure. Interestingly, the differences observed between the far-UV CD spectra of LR4 and LR5 indicate that much more pronounced changes in secondary structure occur in LR4 than in LR5 upon Ca 2+ binding. Indeed, the far-UV CD spectra of apoLR4 and apoLR5 are reminiscent, respectively, of those of two previously characterized repeats, LR2 and LR1 [27, 28] . According to NMR data, apoLR1, which is more structured than apoLR2, displays a far-UV CD spectrum close to that of apoLR5, whereas the spectrum of the less structured apoLR2 is similar to that of apoLR4. On the other hand, the similarity of the spectrum of LR4_Ca 2+ to those of apoLR5 and LR5_Ca 2+ stresses the fact that the spectrum of apoLR4 is quite different.
The affinity of apoLR4 for Ca 2+ is much lower than that of apoLR5. From the K d values in Table 2 ), the affinity of the LR5 complex is calculated to be 3.4 kcalÁmol À1 higher than that of the LR4 one. Inspection of the Ca 2+ coordination cage in LR4 and LR5 ( Fig. 7) does not help to explain this difference in affinity. The Ca 2+ coordination cage in either repeat is very similar, consisting of four side-chain carboxyl oxygen atoms from four conserved acidic residues (Asp147, Asp151, Asp157 and Glu158 in LR4; Asp196, Asp200, Asp206 and Glu207 in LR5) plus two CO main chain groups (Asp149 and Trp144 in LR4; Gly198 and Trp193 in LR5). In addition, the distances and angles between Ca 2+ and ligands are very similar in either cage. For example, the ratio of the distances between the coordinating atoms of Trp 193, Asp 196, Gly 198, Asp 200, Asp206 and Glu 207 and the Ca 2+ ion in LR5 over those of the equivalent distances in LR4 are of 0.99, 0.98 1.01, 1.00, 1.00, 1.01, respectively (data related to PDB code: 2LGP; average of 20 structures). The reason for the large affinity difference in the two Ca 2+ complexes is thus likely to reside in the less native-like structure exhibited by apoLR4 compared to apoLR5. This is precisely what supports the 100-ns MD simulation of the apoLR4-5 tandem ( Fig. 6 ): both the overall structure and the Ca 2+ coordinating cage of apoLR4 appear to be significantly different from those of the LR4_Ca 2+ complex. However, the structure of apoLR5 remains much closer to that of the corresponding LR5 _ Ca 2+ complex. According to our estimation of the temperature of mid denaturation of apoLR4 (T m ≤ 11°C; see above), more than 64% apoLR4 molecules will be unfolded at 25°C in contrast to only 20% for apoLR5 [12] . The lower conformational stability of apoLR4 requires, in order for Ca ++ ions to bind and form the native LR4_Ca ++ complex, that a fraction of the binding energy is used to drive the conformational change required for converting the initial apoLR4 conformation into the one observed in the complex and competent for Ca ++ binding. In the case of Mg 2+ , the same conformational penalty precludes its binding to LR4 (i.e. Mg 2+ binding cannot provide sufficient energy for overcoming the energetically unfavorable conformational change). Strong coupling between folding and binding processes is common in protein/metal interactions [11] .
ApoLR5 binds Ca 2+ faster and releases it more slowly than apoLR4: the binding of Mg 2+ to apoLR5 is slow Protein/ion binding equilibria, especially those that might play a role in vectorial events, such as the successive delivery cycles in which LDLR is involved, should not just be described in terms of the affinity of the complexes formed by the target macromolecules and the ions. The association and dissociation kinetic constants have to be determined because they should A B C be consistent with and permit the molecular mechanisms proposed. According to our stopped-flow kinetic analyses, the lower affinity observed for the LR4 complex, compared to that for the LR5 one, is determined by a much slower binding of Ca 2+ to apoLR4 (58-fold slower at pH 7.0) combined with a faster dissociation (seven-fold faster at pH 7.0). The slower binding observed for LR4 binding to Ca 2+ indicates that the energy barrier of the transition state of binding at pH 7.0 is 2.5 kcalÁmol À1 higher for the LR4 complex than for the LR5 one. Because the coordination of Ca 2+ in LR4 and LR5 complexes appears very similar (Fig. 7) , it is quite possible that the higher energy barrier for forming the LR4 complex is related to the higher reorganization penalty in apoLR4 compared to LR5, as suggested by the corresponding far-UV CD spectra ( Fig. 1) and explained by the lower conformational stability of apoLR4 ( Fig. 5A ) compared to apoLR5 [12] .
The high Mg 2+ concentration in the endosome, compared to the low Ca 2+ concentration arising from the activity of an endosomal Ca 2+ channel [29] , makes it possible that Mg 2+ replaces Ca 2+ at some stage in the functional recycling of LDLR [30] . The dissociation constant of the complex formed by apoLR5 with Mg 2+ (average K d of 124 AE 19 lM À1 at pH 7.0) ( Table 2) means that the affinity of Mg 2+ ions for apoLR5 is severely reduced by 3.2 kcalÁmol À1 compared to that of Ca 2+ ions, which clearly indicates that, under extracellular conditions where LDL particles are captured by LDLR and where Ca 2+ and Mg 2+ concentrations are similar, Mg 2+ cannot displace Ca 2+ from the LR repeats in LDLR. The values of the k on and k off kinetic constants for the LR5_Mg 2+ and LR5_Ca 2+ complexes indicate that the energy barriers for Mg 2+ and Ca 2+ dissociation are virtually identical, whereas the barrier for Mg 2+ association is 3.3 kcalÁmol À1 higher than that for Ca 2+ . It is possible that the larger energy barrier for Mg 2+ association is related to the larger solvation energy of Mg 2+ in water compared to that of Ca 2+ [31] or, in other words, that cation desolvation is the limiting step in the binding to LR repeats. As noted for Ca 2+ , the pH sensitivity of the Mg 2+ kinetic constants in the range 7 to 5.5 is not large, although the association is slower and the dissociation faster at the lower pH, which makes the Mg 2+ complex less stable at pH 5.5 than at pH 7.0 ( Table 2 ).
It appears that Mg 2+ cannot bind to apoLR4 either at pH 7.0 or 5.5. Assuming that the decreased affinity for Mg 2+ in the LR5 complex, relative to that for Ca 2+ (207-fold, from the ratio of the corresponding averaged K d values), translates into a similar decreased affinity for Mg 2+ , compared to Ca 2+ , in the LR4 complex, and given the already low affinity of apoLR4 for Ca 2+ , the K d for the LR4_Mg 2+ complex would be approximately 40 mM, which means that no LR4_Mg 2+ complex will ever be formed under either extracellular or endosomal conditions.
Quasi-independent behavior of LR4 and LR5 within the LR4-5 tandem
Within the LDLR extracellular domain, LR4 and LR5 are connected by a 12-residue flexible linker and appear not to interact with each other [4, 13] . If this structural arrangement is retained in the isolated (193, 196, 198, 200, 206, 207) in the LR5 module. In each subchart of (B) and (C), the / angle is shown in red and the w angle is shown in blue. In the case of the w angle of residues 147 and 198, we represented (w + 60°) to suppress artifactual visual jumps in the representation of the w values, which are close to +180.
LR4-5 tandem, the spectroscopic, kinetic and thermodynamic properties of the LR4-5_Ca 2+ and LR4-5_Mg 2+ complexes would correspond to a simple combination of those exhibited by the individual repeats. Indeed, the fluorescence and CD spectra of LR4-5 are close to a combination of those of the individual modules and the spectral changes related to removal of Ca 2+ or substitution by Mg 2+ are also those expected from the effects observed in the individual modules.
The kinetics of cation binding to LR4-5 can also be considered as a simple combination of those of LR4 and LR5. Accordingly, at pH 5.5, the LR4-5 tandem binds two Ca 2+ ions (Fig. 2) but only one Mg 2+ , and the affinities of the LR4-5 complexes are similar to those of the corresponding individual complexes ( Table 2 ). Only the K d for the LR5_Ca 2+ complex at pH 5.5 appears to be just slightly higher in the tandem. Therefore, the structure, association and dissociation kinetics and the affinity of the LR4 and LR5 modules for Ca 2+ and Mg 2+ are not significantly modified when those two modules are connected by their physiological peptide linker. A similarly independent dynamic behavior has been described for LR5 and LR6 when they are covalently connected by their shorter peptide linker [32] .
The LR4-5 tandem within the LDLR suffices to bind the apoE receptor binding domain, whereas other tandems of consecutive repeats (i.e. 3-4, 5-6 or 6-7) do not [5] . It was proposed that this binding specificity could be related to the longer linker connecting repeats 4 and 5 compared to linkers between other repeats. Implicit in this proposal was the assumption that the LR4 and LR5 repeats remain detached from each other because the linker constitutes a flexible, disordered region. Our data are consistent with this because all the spectroscopic, thermodynamic and kinetic properties tested for LR4 and LR5 are essentially unchanged when the repeats are associated in the LR4-5 tandem. The modular behaviour of the N-terminal Ca 2+ binding domain of the LDLR makes the analysis of the isolated repeats a fine representation of their behavior when part of the entire protein.
Implications of the stability and kinetics of the LR4-5_Ca 2+ (Mg 2+ ) complexes for the mechanism of LDL delivery by LDLR
Delivery of LDL and b-VLDL in the endosome by the LDLR is a complex, not fully understood process. The binding of the lipoproteins takes place under extracellular conditions characterized by a close to neutral pH, and Ca 2+ and Mg 2+ concentrations in the low millimolar range. Then, the surface receptors carrying bound lipoprotein particles are internalized in endosomes where the lipoproteins are liberated and subsequently degraded, allowing the LDLR to be recycled to the cell surface. The precise time course of LDL liberation as the endosome forms and matures is not clear and it is being investigated [6, 12, [33] [34] [35] [36] . Starting with extracellular pH and cation concentrations, the progressive acidification of the endosome and the activity of a Ca 2+ channel lowers the pH to 5 and the Ca 2+ concentration to the low micromolar range [9, 37] , whereas the concentration of Mg 2+ is not significantly modified [38] . Based on the important role in lipoprotein binding performed by the LR5 repeat and on the X-ray structure of the extracellular portion of the LDLR at acidic pH [4] , the release of the cargo lipoprotein was initially attributed to a low pH-driven reduced affinity of the LDLR/LDL complex together with an increased affinity of the b-propeller domain of the LDLR for the LR4 and LR5 binding repeats [39, 40] . This early model emphasized the role of the acidic endosomal pH as the trigger of a displacement of the bound lipoprotein as a result of formation of an LDLR self-complex, and did not assign a role to the changes in Ca 2+ concentration. The observation that the conformational stability of the LR5 repeat was compromised by the acidic pH and the low Ca 2+ concentration of the endosome led us to propose an alternative model where the pH and, more importantly, the decrease in Ca 2+ concentration promotes LR5 unfolding, and possibly the unfolding of other repeats involved in lipoprotein binding [12] . That additional repeats were indeed participating in the proposed mechanism was later demonstrated in a study of LR4 by NMR and ITC where the affinity of LR4 for calcium was reported to be quite lower than that of LR5 [13] . As discussed above, we have now attributed the different calcium affinity of the two repeats to the larger conformational rearrangement in apoLR4 needed for Ca 2+ binding. We further suggested [12] that the LDLR binding domain, after having released the LDL particle, might interact with the b-propeller domain and form the structure seen in the X-ray analysis of the LDLR extracellular domain (Fig. 8 ). Subsequently, additional models sharing some features of the two initial ones have been proposed [13, 14, [33] [34] [35] . To clarify the mechanism of lipoprotein delivery by the LDLR, more experimental testing of the LDLR and its constituent domains is needed under extracellular and endosomal conditions.
One key implicit feature of the model proposed by us [12] is that the LDLR can respond rapidly to the changing pH and cation concentrations of the endosome. Although rapid sensing of changes in pH is expected, whether the receptor can be considered to rapidly adjust to (and be in equilibrium with) the endosomal decreasing Ca 2+ concentration will depend on the speed of Ca 2+ dissociation from the LDLR binding repeats, which is unrelated to the speed at which the endosome modifies the concentration of free Ca 2+ . We have thus determined the rates of Ca 2+ dissociation from the two key repeats of the binding domain, LR4 and LR5, in isolation and in tandem, joined by their linking peptide. The values determined for the dissociation constants lay in the low range of the k off values observed in calcium sensor proteins such as calbindin [15] , calmodulin [16] , troponin C [17] or the Na + /Ca 2+ exchanger protein (NCX1) [18] and, therefore, guarantee a fast equilibration with the decreasing endosomal Ca 2+ concentration. The fact that the values for the dissociation constants are the same in the isolated repeats and in the LR4-5 tandem suggests they will be likely similar in the context of the entire LDLR. Because the dissociation of Ca 2+ from the repeats is an intramolecular process it is independent of Ca 2+ concentration but it can be influenced by pH. According to data provided in Table 1 , in the pH 7.0-5.5 range, the t 1/2 for Ca 2+ dissociation from LR4 or LR5 varies from approximately 0.6 to 0.06 s. The LDLR cycling time has been determined to last approximately 12-14 min [36, 41] . Under stationary conditions, half of the LDLR molecules are at the surface, which gives a transit time inside the cell of 6-7 min. Therefore, the spontaneous dissociation of Ca 2+ from the repeats in the pH interval experienced along endosomal maturation is a very fast process, compared to the LDLR delivery cycle. Whether dissociation of Ca 2+ from LR4 and LR5 is significantly slowed down when they carry bound lipoproteins remains to be tested.
On the other hand, the presence of high Mg 2+ concentrations in the endosome made us propose [30] that depletion of Ca 2+ from the repeats could be followed by their reloading with Mg 2+ . In this way, the repeats could recover their native conformation, which might perhaps help them to bind the b-propeller more tightly and form the self-complex observed by X-ray [4] and then be shuttled to the cell surface carrying Mg 2+ rather than Ca 2+ . Our analysis indicates (Table 1) that, at a 1 mM Mg 2+ concentration, the t 1/2 for Mg 2+ binding to apoLR5 is approximately 0.1 s in the pH 7.0-5.5 range. Thus, a putative reloading of apoLR5 with Mg 2+ , after Ca 2+ release, would be a fast event in the endosome.
The temperature dependence plus the Ca 2+ concentration dependence of LR4 conformational stability (present study) and those of LR5 [12, 30] at both extracellular and endosomal pH allows to T/[Ca 2+ ] phase diagrams to be calculated (Fig. 5B,C) that are quite helpful for summarizing the conformational fluctuations of these two repeats along the LDL delivery cycle. In these diagrams, three main regions are defined where either the native, Ca 2+ bound state LR_Ca 2+ , or the native but Ca 2+ -deprived state apoLR, or the unfolded state (labeled NL, N and U, respectively, in Fig. 5B,C) are dominant and represent more than 50% of the protein molecules. The greater the distance away from the delimiting lines and into each of those regions, the greater the molar fraction of the dominant species of the region. Comparison of the Fig. 8 . Schematic representation of the role played by LR4 and LR5 unfolding, driven by calcium sensing, in the mechanism of LDL release in the endosome. In the cell surface, LR5 and LR4 are folded, carrying calcium and capable of binding lipoproteins [6] . Low [Ca 2+ ] and low pH in the endosomes unfold LR4 and LR4-5 and destabilize LR4 and LR5 interactions with lipoproteins. Upon dissociation of lipoproteins, a closed conformation of the LDLR can be formed, favored by the low pH.
LR5 and LR4 phase diagrams clearly indicates that the NL region of LR5 is much larger than that of LR4 as a result of the greater thermostability of apoLR5 and also as a result of its higher Ca 2+ affinity. Indeed, the NL region for LR4 at pH 7.0 (solid line) is so small (Fig. 5B ) that, at 37°C, and even in the more stabilizing extracellular pH and Ca 2+ concentration conditions (grey circle), close to half the molecules of this repeat are either unfolded or in the apo form. Under endosomal conditions (black circle), the conformational balance is drastically shifted towards full unfolding. By contrast, the NL region of LR5 is much larger and the molar fraction of NL molecules is almost 1 under extracellular conditions, whereas, under endosomal conditions, it decreases to 0.3-0.4. These data combined indicate that, at physiological temperature and extracellular pH and Ca 2+ concentration, LR5 is folded and carries Ca 2+ , whereas LR4 is partly unfolded. Under endosomal conditions, LR5 becomes partly unfolded and LR4 becomes fully unfolded. It is clear, therefore, that the reversible equilibria of Ca 2+ binding and of apoLR unfolding are markedly modulated by the transfer from extracellular to endosomal conditions and that these reversible processes will very likely drive a decrease in the affinity of the LDL/LDLR complex. The phase diagrams at pH 5.5 are also shown (broken lines) and do not differ much from those at pH 7.0, although the NL regions of either repeat are somewhat reduced at the lower pH. This means that the change in endosomal Ca 2+ concentration exerts a greater influence on the conformational state of both the LR4 and LR5 repeats than the change in pH. To maintain consistency with previous studies [6, 12, 30] , we have used pH 5.5 to mimic endosomal conditions rather than the more realistic value of 6.0. Our calculations indicate, nevertheless, that the calcium affinities and conformational stabilities of the repeats at pH 5.5 and 6.0 are similar (not shown), and the conclusion that the drop in Ca 2+ concentration is more important for compromising LR4 and LR5 structural integrity than the drop in pH remains valid for endosomes with a pH of 6.0. It should be noted that this does not imply that the same conclusion can be derived on the relative importance of pH and Ca 2+ concentration drops for the overall process of LDL release. In this more complex process, both the structural integrity of the repeats and the electrostatic complementarity of their surfaces with those of the presumably competing partners, the lipoproteins and the b-propeller domain, should play a role [4, 6, 14, [33] [34] [35] .
On the other hand, magnesium ions, abundant in the endosome, can also contribute to define the conformational state of LR5 as they change from extracellular to endosomal conditions. Before internalization, LR5 will be mixture of approximately 99.6% LR5_Ca 2+ , 0.3% LR5_Mg 2+ and < 0.1% apoLR5, whereas LR4 will be 62% LR4_Ca 2+ and 38% apoLR4. However, within a short time after internalization (the Ca 2+ concentration in the endosome drops to 4 lM in just 10 min) [9] , LR5 will be a mixture of approximately 40% LR5_Ca 2+ , 31% LR5_Mg 2+ and 29% apoLR5, whereas LR4 will be 99.8% apoLR4, mostly unfolded at 37°C and only 0.2% LR4_Ca 2+ .
Conclusions
Compared to LR5, repeat LR4 displays both a lower conformational stability of the apo form and a lower affinity for Ca 2+ . The lower affinity arises from a much slower Ca 2+ binding reaction, probably related to the fact that the lower conformational stability of apoLR4 poses a larger energetic penalty for binding. The two repeats, when associated in the LR4-5 tandem, bind and release Ca 2+ with the same rates as in isolation, which makes it likely that the same holds true when they are part of the LDLR. The observed fast release of Ca 2+ from both LR4 and LR5 allows the repeats to be in fast equilibrium with the endosomal Ca 2+ concentration, thus rapidly responding to the changes in Ca 2+ concentration that are brought about by the activity of the endosomal Ca 2+ channel. A fraction of the apoLR5 formed upon Ca 2+ dissociation (but not of apoLR4) will bind Mg 2+ from the endosomal pool. These findings are consistent with our earlier proposal [12] that the release of LDL particles in the endosome could be promoted by the spontaneous unfolding of both the LR4 and LR5 repeats as a result of the low pH and low Ca 2+ concentration. Of the two ion concentration drops promoting the unfolding of the repeats, that of Ca 2+ is quantitatively more important than that of pH.
Experimental procedures
Cloning, expression and purification of LR4, LR5 and LR4-5
Cloning, expression, oxidative folding and thermodynamic and computational analyses of the LR5 repeat of the LDLR were described previously [6, 12, 30, 42] . The cloning of the LR4 repeat and that of the two-repeat tandem, LR4-5, was performed similarly using the pGEX-4T-3 plasmid (Amersham Biosciences, Little Chalfont, UK). The three peptides, LR4, LR5 and LR4-5, were expressed in Escherichia coli cells, fused to glutathione S-transeferase (GST). The thrombin cleavage site adds two residues, GS, at the N-terminal of LR4 and LR4-5 and a single substitution, D173G, on LR5 (residues shown in bold in the sequences below). Otherwise the sequences of the peptides, after cleavage, correspond to: LR4? (124-165): GSVLTCGPASFQCNSSTCIPQLWAC DNDPDCEDGSDEWPQRCRG LR5? (174-211): GSPCSAFEFHCLSGECIHSSWRCD GGPDCKDKSDEENCA LR4-5? (124-211): GSVLTCGPASFQCNSSTCIPQLW ACDNDPDCEDGSDEWPQRCRGLYVFQGDSSPCSAFE FHCLSGECIHSSWRCDGGPDCKDKSDEENCA Typically, competent E. coli BL21 cells were transformed, selected and grown in LB medium at 37°C until A 600 of 0.6 was reached and then expression was induced with 1 mM isopropyl thio-b-D-galactoside. After overnight induction, cells were centrifuged, resuspended in 25 mM Tris buffer with 2 mM CaCl 2 and sonicated. After sonication, cells were centrifuged and the peptides were purified by glutathioneagarose affinity chromatography (GE Healthcare, Milwaukee, WI, USA) and then cleaved from GST by 20 h of incubation with thrombin (10 unitsÁmg À1 protein; GE Healthcare) at 18°C. Once the appropriate repeat was released from GST, the protein was refolded by dialysis for at least 40 h at 4°C under conditions permitting disulfide exchange: 50 mM Tris buffer, pH 8.0, 10 mM CaCl 2 , 0.5 mM cystine and 2 mM cysteine. Then, final purification was achieved by RP-HPLC on a preparative C18 column (Waters Corp, Milford, MA, USA) using a 0-35% acetonitrile gradient with 0.1% trifluoroacetic acid. Single peaks were obtained in the purification of LR4, LR5 and LR4-5.
LR4, LR5 and LR4-5 purity (> 99%) were confirmed by SDS/PAGE gel stained with silver and the lack of free Cys residues was verified by MALDI-TOF MS [42] . The concentration of each of the different peptides was determined using the corresponding theoretical extinction coefficients [43] : LR4 e 280 = 11375 M À1 Ácm À1 , LR5 e 280 = 6050 M À1 Ácm À1 and LR4-5 e 280 = 18740 M À1 Ácm À1 .
Spectroscopic characterization of LR4, LR5 and LR4-5
Absorbance, fluorescence emission and CD spectra of the three peptides in the cation-free form (apoLR), Ca 2+ -bound form (LR_Ca 2+ ) and Mg 2+ -bound form (LR_Mg 2+ ) were recorded in extracellular mimicking conditions: 10 mM Pipes, 150 mM NaCl, pH 7.0 and under endosomal mimicking conditions: 10 mM Mes or sodium acetate, 150 mM NaCl, pH 5.5. The apoLR forms were obtained adding 1 mM EDTA to the protein solution. The LR_Ca 2+ was prepared adding 2 mM CaCl 2 . The LR_Mg 2+ was prepared adding 0.1 mM EDTA plus 2.1 mM MgCl 2 .
Absorbance spectra were recorded from 450 to 225 nm in a Cary Bio 100 Spectrophotometer (Varian Inc., Palo Alto, CA, USA) using 20 lM protein solutions.
Emission spectra were recorded on a Cary Eclipse Fluorescence Spectrophotometer (Varian Inc.) using 5 lM LR4 and LR5 solutions and 3 lM LR4-5 solutions. The samples were excited at 280 nm and the intrinsic fluorescence of Trp144 and Trp159 in LR4 and/or Trp193 in LR5 was recorded from 300 to 450 nm.
CD spectra were acquired in a Chirascan apparatus (Applied Photophysics, Leatherhead, UK) using a 1-mm path-length cuvette for far-UV spectra (260-195 nm) or a 0.4-mm path-length cuvette for near-UV spectra (325-240 nm). In all cases, 100 lM LR4 or LR5 and 50 lM LR4-5 samples were used.
Ca 2+ and Mg 2+ binding to LR5, LR4 and LR4-5 followed by fluorescence emission Intrinsic tryptophan fluorescence emission (excitation at 280 nm and emission at 355 nm) were used to monitor the binding of metal ions. When Ca 2+ or Mg 2+ (represented generically as M ++ ) solutions are added to an apoLR solution, the emission intensity changes are proportional to the amount of complex formed according to:
when a single binding site is present in the protein or to:
when the peptide presents two binding sites. F 0 represents the emission intensity of the apoLR form at the concentration used, e is the differential emission coefficient between the LR_M ++ and the apoLR and [LR_M ++ ] represents the concentration of LR_M ++ complex formed.
ApoLR samples (5 lM apoLR4 or apoLR5 and 3 lM apoLR4-5) were prepared by dissolving lyophilized LR4, LR5 or LR4-5 in either on Pipes or acetate buffers containing either 25 lM or 100 lM EDTA, respectively. These high EDTA concentrations were used to remove metal traces from the solution and did not interfere with fluorescence measurements because neither EDTA, nor its Ca 2+ or Mg 2+ complexes present fluorescence emission [44] .
Titrations were performed to determine the thermodynamic dissociation constant (K d ) of the Ca 2+ and Mg 2+ LR complexes, by successive injections of concentrated CaCl 2 or MgCl 2 solutions.
The binding experiments in LR peptides containing one M ++ binding site were analyzed considering the equilibria:
where Q refers to the chelating agent EDTA.
From mass balance, the total concentration of ligand can be expressed as:
where [M ++ ] T , [LR] T and [Q] T are the total concentrations of ligand, protein and EDTA, respectively, [M ++ ] is the concentration of free ligand, and K LR and K Q are the association constants of ligand to apoLR and to EDTA, respectively. K Q values at 25°C in these buffers were determined in a previous study (Ca 2+ _EDTA at pH 7.0: K Q = 2.3 9 10 7 M À1 ; Ca 2+ _EDTA at pH 5.5: K Q = 8.3 9 10 4 M À1 ; Mg 2+ _EDTA at pH 7.0: K Q = 1.5 9 10 5 M À1 ; Mg 2+ _EDTA at pH 5.5: K Q = 8.3 9 10 2 M À1 ) [30] .
To analyze the binding of LR4-5 to Ca 2+ and Mg 2+ , the equilibria considered were:
where LR45_M ++ refers to LR4-5 with only one binding site occupied.
The total concentration of metal ligand can be expressed as:
where K LR4 is the association constant of ligand to the fourth binding domain in LR4-5 and K LR5 is the association constant of ligand to the fifth binding domain in LR4-5.
Ca 2+ and Mg 2+ binding to LR5, LR4 and LR4-5 followed by ITC Chelex 100 Resin (Bio-Rad, Hercules, CA, USA) was used to remove the residual Ca 2+ present in the LR solutions, as a result of buffer impurities. Although experiments with excess EDTA can be performed, as shown previously [12, 30, 45] , we decided to use a metal exchange resin to exchange the Ca 2+ ions into Na + ions and allow more easy-to-analyze experiments. Previous problems reported with the use of Chelex [12] were solved by incubating the proteins at 4°C for 2 h, with very low stirring, which did not gave rise to aggregation or precipitation phenomena. Thus, the experiments were performed on the corresponding 10 mM Pipes or acetate buffer with 30-400 lM apoLR. The higher apoLR concentrations were used to form the complexes exhibiting a higher affinity for Ca 2+ to minimize the influence of residual Ca 2+ from the buffer. Protein samples were degassed and all experiments were carried out in a MicroCal Auto-ITC 200 (GE Healthcare). A single binding equilibrium was considered and the total concentration of ligand could be expressed as:
On the other hand, the heat involved in each injection, q i was:
where V is the volume of the calorimeter cell, DH LR is the enthalpy for the binding of M ++ to apoLR, v is the volume of each injection and q d is the background heat effect for each injection (the so-called 'heat of dilution'). Data analysis was performed on the concentration-normalized heats by nonlinear regression using bespoke software developed in our laboratory and implemented in ORIGIN, version 7.0 (OriginLab Corp., Northampton, MA, USA).
Ca 2+ and Mg 2+ association and dissociation kinetics performed by stopped flow and followed by fluorescence emission Kinetic association and dissociation measurements were carried out with a stopped-flow apparatus (Applied Photophysics) with fluorescence detection. The intrinsic tryptophan fluorescence was used to follow the binding or dissociation kinetics by exciting the sample at 280 nm and recording light emitted above 305 nm. For association kinetics, samples (5 lM LR4 or LR5, or 3 lM LR4-5) were prepared dissolving lyophilized peptides in the corresponding Pipes or acetate buffer. EDTA (50-100 lM) was added to ensure that only the apo forms were present.
Association kinetic assays were triggered by mixing apoLR samples with either Ca 2+ or Mg 2+ solutions of different concentrations. Typically, the average of at least five experiments was fitted to single exponentials for peptides with a single ligand binding site, or double exponentials for the LR4-5 peptide.
where F is the emission intensity, A is the amplitude or difference between LR_M 2+ and apoLR emission fluorescence, k obs is the apparent rate constant of the process, t is the reaction time, and F end is the emission fluorescence when equilibrium is reached.
Because the experiments were performed in the presence of excess ligand, the concentration of free ligand was considered constant and the reaction to occur under pseudofirst-order conditions. Accordingly, the observed rate constant (k obs ) was approximated by:
where k on is the first-order association rate constant and k off is the zero-order dissociation rate constant.
To obtain the values of k on and k off , the averaged curves obtained at different ligand concentrations were globally fitted to Eqs (12, 13) , plus Eqn (14), using scripts developed in our laboratory and implemented in matlab (MathWorks, Natick, MA, USA). The values initially obtained for k off were compared with those directly determined in the dissociation experiments (see below). In all cases, the k off values derived from fitting either association or dissociation kinetics of the same repeat_metal complex were similar. To improve the accuracy of k on , a new fitting was carried out setting the value of k off to that directly obtained from the dissociation experiments.
For dissociation kinetics, protein samples (5 lM LR4 or LR5, or 3 lM LR4-5) were prepared on the corresponding Pipes or acetate buffer from lyophilized peptides. To prepare LR_Ca 2+ or LR_Mg 2+ , 100 lM CaCl 2 or 1500 lM MgCl 2 , respectively, was added to the samples.
Experiments were triggered by mixing LR_Ca 2+ or LR_Mg 2+ samples with an equal volume of EDTA prepared in the same buffer. The average of at least five experiments was fitted to single exponentials for peptides with a single ligand binding site or double exponentials for the LR4-5 peptide (Eqns 12 and 13, respectively). The dissociation kinetics were independent of EDTA concentration (see Results).
Under these conditions, the zero-order dissociation rate constant (k off ) can be obtained directly from the exponential fitted curves:
On the other hand, combining the results of the association and dissociation experiments, the thermodynamic dissociation constant, K d , could be obtained as:
Thermal denaturation of apoLR5 and LR4_Ca 2+ followed by fluorescence emission Thermal unfolding curves of 5 lM apoLR4 solutions prepared in the presence of 100 lM EDTA were recorded at either extracellular conditions (10 mM Pipes, 150 mM NaCl, pH 7.0) or at endosomal conditions (10 mM sodium acetate/acetic acid 150 mM NaCl, pH 5.5). Similarly, thermal unfolding curves at either pH were recorded for the LR4_Ca 2+ complex (in the presence of 2 mM CaCl 2 and no EDTA added) and for the LR4_Mg 2+ complex (in the presence of 2.1 mM MgCl 2 and 0.1 mM EDTA) The curves were recorded from 7 to 95°C at a scan rate of 1.5°C Ámin À1 , after tryptophan fluorescence emission at 355 nm (excitation at 280 nm). The thermal unfolding of apoLR5 was previously shown to follow a two-state mechanism [12] . A similar analysis for apoLR4 is precluded by its low conformational stability and it was assumed that apoLR4 also follows such simple mechanism, which is otherwise expected given its small size. Thus, the unfolding curves have been fitted to a two-state equation (17) using KALEIDA-GRAPH, version 4.1 (Synergy Software, Reading, PA, USA):
where F is relative fluorescence emission, R is the gas constant, T is the absolute temperature, and F N and F D correspond to the spectroscopic signals of native and denatured LR4 forms. The free energy term (DG) in Eqn (17) follows the temperature dependence given by equation (18):
where T m is the melting temperature, and DC p and DH are the heat capacity and enthalpy changes of the unfolding equilibrium at the melting temperature. In Eqn (17) , linear temperature dependences of the spectroscopic signals of the native and denatured states are often included. However, when no clear linear dependency can be observed in the pre-or post-transition regions of the unfolding curves or in cases of very low stability [46] , it is advised to assume constant values to keep the fitting parameters to a minimum [47] .
Molecular dynamics of the LR4-5 tandem
The 20 models included in the NMR structure of the LR4-5 tandem (PDB code: 2LGP) were initially aligned and the mean rmsd among pairs of models was as low as 1.01. We then obtained the average structure and solvated the apoform of the LR4-5 tandem in a cubic water box with approximately 5000 TIP3 water molecules, and neutralized the system using Na + Cl À counterions using the solvate package in VMD [48] . Then we performed a thorough cycle of step-descending minimization/equilibration steps in a preparation phase of approximately 10 ns of simulation, including (a) short CPT dynamics of water molecules with the protein atoms fixed to eliminate the possible potential strains in the water box; (b) slow release of the protein atoms by imposing decreasing elastic restraints; and (c) slow heating of the system to the final simulation temperature (310 K) using a gradient temperature ramp. Then, we started the production phase of 100 ns using NAMD [49] and the CHARMM [50] force field running Langevin MD simulations, with particle mesh Ewald periodic boundary conditions for modeling long-range electrostatic interactions with a cut-off distance of 14 A. The Nos e-Hoover thermostat was used for pressure coupling of the system and the friction coefficients of atoms to be used in the Langevin formulations were set to 0.5 and 60 ps À1 for protein atoms and water molecules and ions, respectively. The trajectories were analyzed with VMD [48] and a set of ad hoc Tcl and Perl scripts.
